This paper proposes a variation of the incremental approach to identify reaction and masstransfer kinetics (rate expressions and the corresponding rate parameters) from concentration measurements for both homogeneous and gas-liquid reaction systems. This incremental approach proceeds in two steps: (i) computation of the extents of reaction and mass transfer from concentration measurements without explicit knowledge of the reaction and mass-transfer rate expressions, and (ii) estimation of the rate parameters for each rate expression individually from the computed extents using the integral method. The novelty consists in using extents that are computed from measured concentrations. For the computation of the individual extents, two cases are considered: if the concentrations of all the liquid-phase species can be measured, a linear transformation is used; otherwise, if the concentrations of only a subset of the liquid-phase species are available, an approach that uses flowrate and possibly gas-phase concentration measurements is proposed. The incremental identification approach is illustrated * To whom correspondence should be addressed 1 in simulation via two reaction systems, namely the homogeneous acetoacetylation of pyrrole and the gas-liquid chlorination of butanoic acid.
Introduction
Dynamic models are used to analyze, monitor, control and optimize reaction systems. These models are often based on first principles and describe the evolution of the states (number of moles, temperature and volume) by means of conservation equations of differential nature and constitutive equations of algebraic nature. The models include information regarding the underlying reactions (stoichiometry and kinetics), the transfer of species between phases (mass-transfer kinetics), and the operation of the reactor (initial conditions, inlet and outlet flows, operational constraints). The identification of reaction and mass-transfer kinetics (rate expressions and the corresponding rate parameters) represents the main challenge in building first-principles models for reaction systems.
The rate expressions, which are typically chosen from a set of candidates, need to be confronted to measured data. The identification task can be performed globally in one step via a simultaneous approach, or successively over several steps via an incremental approach, as discussed next.
Simultaneous identification proceeds as follows. From a library of reaction pathways and rate expressions, one chooses a rate expression candidate for the reaction system and estimates the rate parameters by comparing model predictions and measured data. The approach is termed 'simultaneous identification' since all reaction and mass transfer kinetics are identified simultaneously.
The procedure needs to be repeated for all rate expression candidates. The candidate with the best fit is usually selected. Issues like parameter and structural identifiability 1,2 and experimental planning 3, 4 are important to guarantee parameter estimates with little correlation and narrow confidence intervals. The main advantage of simultaneous identification is that it can deal with complex reaction and mass-transfer kinetics and lead to optimal parameters in the maximum-likelihood sense. 5 However, simultaneous identification can be computationally costly when several candidates are available for each rate expression. Furthermore, since the global model is fitted so as to reduce the prediction error, structural mismatch in one part of the model will typically result in errors in all the rate parameters. Finally, it is often difficult to choose suitable initial parameter values, which may lead to convergence problems. 6 On the other hand, incremental identification decomposes the identification task into a set of subproblems. [7] [8] [9] [10] First, the reaction stoichiometry is identified from measured concentrations. For this, each reaction can be determined individually without explicit knowledge of reaction kinetics using target factor analysis (TFA). 11, 12 Incremental TFA has been proposed to remove the variability associated with a reaction, once it has been accepted, before continuing target testing for the other reactions. 13 The next step computes the rate profiles of reaction and mass transfer from measured data and the known stoichiometry. Finally, the rate parameters are estimated from the computed rate profiles. For each subproblem, the number of model candidates can be kept low.
This approach is also termed 'individual identification' since each reaction and mass transfer can be dealt with individually.
Regarding the identification of reaction and mass-transfer kinetics from measured data, two methods can be distinguished depending on the way data are handled, namely the differential and the integral methods. 14, 15 These two methods are detailed next.
In the differential method, reaction rate profiles are computed through differentiation of concentration data. Furthermore, individual rate profiles can be computed upon knowledge of the stoichiometry. Then, for a given reaction, a rate expression is proposed and its parameters are estimated by fitting the simulated rate profile to the computed values. Note that the differentiation of measured concentrations is a difficult task due to noise and the sparsity of measurements. 16 In the integral method, the rate expressions are integrated analytically or numerically to predict concentrations, and the unknown rate parameters are estimated by fitting these predictions to measured concentrations. The integral method is computationally intensive because of the need to integrate the rate expressions for each set of parameter values proposed by the optimization algorithm. However, in the absence of structural uncertainty and for Gaussian mea-surement noise, the integral method leads to optimal estimates in the maximum-likelihood sense. 6, 17 The simultaneous and incremental approaches, which use the integral and differential methods, respectively, are illustrated in Figure 1 for homogeneous reaction systems:
Path "1" indicates the simultaneous identification approach that uses the integral method, whereby the rate expressions for all reactions are integrated to predict concentrations that are fitted to measured values via a least-squares problem.
Path "2" represents the incremental identification approach that uses the differential method, whereby the rate profile of the ith reaction is computed by differentiation of concentration measurements and use of information regarding the stoichiometry, the inlet composition, the volume, and the inlet and outlet flowrates. The ith rate model, which is chosen from a library of rate expressions, is fitted to the computed rate profile via a least-squares problem. Unfortunately, numerical differentiation introduces a bias in the computed rate profiles, thus leading to suboptimal parameters. 6, 7 Hence, as part of a final adjustment step, simultaneous identification using the model structure identified by incremental approach is often performed to obtain unbiased parameter estimates.
For the sake of completeness, two special cases of generalized simultaneous and incremental approaches available in the literature are briefly mentioned next.
A framework for automatic modeling of chemical/biochemical reaction systems (TAM-C/B) based on concentrations and calorimetric data has been proposed. 18 TAM uses an automatic iterative procedure that imitates the human expert in modeling reaction systems. From measured data, TAM first generates a qualitative description of the dynamic behavior of the reaction system using a fuzzy interval identification method. 18 Then, based on the resulting qualitative description, prior knowledge regarding the reaction stoichiometry and a rule-based library, TAM postulates possible rate expressions and fits the global model to the concentrations and calorimetric data. 
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Lean: data specific to a single reaction Rate candidates Figure 1 : Schematic comparison of the simultaneous and incremental identification approaches for homogeneous reaction systems. Path "1": simultaneous approach that uses the integral method to integrate all candidate rate expressions; Path "2": incremental approach that uses the differential method to differentiate concentrations; Path "3": incremental approach that uses the integral method to integrate a single rate expression at the time.
An iterative model identification framework that investigates model deficiencies and estimates nonparametric functional relationships from concentration data has also been proposed. 19, 20 The authors suggest adding a stochastic process to selected mole balances exhibiting possible uncertainty. The mole balances with large fitted stochastic parameters are pinpointed as having model deficiencies. The modeler can then refine the pinpointed model equations in the next iteration.
This paper will develop an incremental identification approach that relies on the integral method, thereby combining the strengths of the incremental approach (can handle each rate individually) and the integral method (optimal handling of measurement noise). This endeavor will use the concept of extents of reaction and mass transfer.
In a batch reactor, the change in the extent of a reaction is given by the change in the number of moles of any species due to that reaction divided by the corresponding stoichiometric coefficient.
Recently, Amrhein et al. 21 proposed a linear transformation that computes the extents of reaction from the numbers of moles in homogeneous reaction systems with inlet and outlet streams. The transformation uses only information regarding the stoichiometry, the inlet composition and the initial conditions, that is, it does not require rate expressions nor inlet and outlet flowrates. The approach has been extended to compute the extents of reaction and mass transfer in gas-liquid (G-L) reaction systems by Bhatt et al. 22 using only information regarding the stoichiometry, the inlet composition, the initial conditions, and the knowledge of the species transferring between phases.
As already mentioned, this paper proposes a novel variation of the incremental approach for the identification of reaction systems, which is based on the integral method. This novel incremental identification approach uses the concept of extents and corresponds to Path "3" in Figure 1 . It proceeds in two steps as follows:
1. Data transformation. Measured concentrations are transformed, without explicit knowledge of rate expressions, to individual extents of reaction and mass transfer.
2. Identification of reaction and mass-transfer kinetics. The rate parameters of a candidate reaction or mass-transfer rate expression are estimated by comparing predicted (using the integral method) and computed (using the transformation) extents.
In practice, concentrations of all the species are difficult to measure on-line. However, a subset of the concentrations and the flowrates can be measured on-line. For such cases, it is shown that the proposed incremental approach allows computing the individual extents of reaction and mass transfer using information on the inlet and outlet flowrates.
The paper is organized as follows. 
Preliminaries
This section develops the models of homogeneous and G-L reaction systems with inlet and outlet streams.
Model of open homogeneous reaction systems
The mole balance equations for a homogeneous reaction system involving S species, R reactions, p inlet streams and one outlet stream can be written generically as follows:
where n is the S-dimensional vector of numbers of moles, r the R-dimensional reaction rate vector, 
where 1 p is the p-dimensional vector filled with ones and m 0 the initial mass. Note that the mass m(t) can also be computed from the numbers of moles as:
Indeed, from the relationships 1 
Model of open G-L reaction systems
The mole balance equations for a G-L reaction system are presented in this section. The gas and liquid phases will be modeled separately, with the mass-transfer rates ζ ζ ζ connecting the two phases. The gas phase contains S g species, p g inlets and one outlet, while the liquid phase contains S l species, p l inlets and one outlet. There are p m mass transfer steps taking place between two phases. Let us consider the following assumptions:
(A1) The gas and liquid phases are homogeneous.
(A2) The reactor has a constant total volume.
(A3) The reactions take place in the liquid bulk only.
(A4) No accumulation in the boundary layer.
(A5) Mass transfer rates are considered positive from the gas to the liquid. Hence, negative masstransfer rates are computed for species transferring from the liquid to the gas.
With these assumptions, the mole balances for the gas and liquid phases read:
Gas phaseṅ
Liquid phasė
where n f is the S f -dimensional vector of numbers of moles in the f phase, f ∈ {g, l}, N the R × S l stoichiometric matrix, R the number of reactions, The relationships between mole fractions, concentrations and numbers of moles are:
Note that the reactor masses m f (t) can be inferred from the numbers of moles as:
Upon grouping the inlet flowrates u in, f and the mass-transfer rates ζ ζ ζ , Eqs. (5) and (6) become:
Throughout this paper, the R reactions, and thep f extended inlets are assumed to be independent, according to the definitions given in Amrhein et al. 21 and Bhatt et al. 22 
Computation of extents of reaction and mass transfer
The transformation of concentration data to the extents of reaction and mass transfer is presented next for both homogeneous and G-L reaction systems. Note that the transformation of concentration data is performed without knowledge of the reaction and mass-transfer kinetics.
Homogeneous reaction systems
For homogeneous reaction systems, two cases will be distinguished depending upon the available measurements: (a) all concentrations are measured, and (b) only a subset of the concentrations are measured.
All concentrations measured: Linear transformation
Let c(t h ) be the concentrations measured at time instant t h , with h = 0, 1, . . ., H. Let V (t) denote the volume measured at time t. 1 The numbers of moles n(t h ) can be computed as V (t h ) c(t h ). The following proposition states the conditions to be able to compute the extents of reaction x r (t h ) from n(t h ) using the linear transformation proposed in Amrhein et al. 21 
Proposition 1 (Linear transformation of n(t h ))
Consider the following assumptions:
(i) N, W in and n 0 are known,
(iii) n(t h ) is available from measurements.
Then, the extent of the ith reaction x r,i (t h ), ∀i = 1, . . ., R, can be computed as:
where
Furthermore, the extents of the kth inlet x in,k (t h ), k = 1, . . ., p, and the outlet extent x out (t h ) can be computed from n(t h ) as follows:
where ( 
A subset of concentrations measured: Flow-dependent approach
Let n a (t h ) be the numbers of moles of the S a available species at time instant t h . In practice, the inlet and outlet flowrates can be measured frequently. Let u in (t) and u out (t) denote the inlet and outlet flowrates measured at time t. The following proposition states the conditions to be able to compute the extents of reaction x r (t h ) from n a (t h ) using the measured inlet and outlet flowrates.
Proposition 2 (Flow-dependent approach: Use of n a (t h ) and integration of u in (t) and u out (t))
(i) N a , W in,a and n 0,a are known,
(ii) rank (N a ) = R, and (iii) n a (t h ), u in (t) and u out (t) are available from measurements.
Then, the extents of reaction x r,i (t h ), ∀i = 1, . . ., R, can be computed in two steps as follows:
1. Compute the extents x in (t) and λ (t):
with
where λ is a scalar dimensionless variable used to account for the effect of the outlet on the initial conditions.
Compute the extents of reaction
Note that λ (t) = 1 for reactors without outlet stream. The numbers of moles of the S u = S − S a unmeasured species n u (t h ) can be reconstructed using the computed extents of reaction and flow. If the initial conditions of the species that are not measured on-line, n 0,u , are known, the corresponding numbers of moles can be reconstructed using the computed x r (t h ) in Eq. (16) and x in (t) and λ (t) in Eq. (14) as follows:
where N u is the known (R × S u )-dimensional stoichiometric matrix and W in,u the known (S u × p)-dimensional inlet-composition matrix.
Remarks

If Assumptions (i)-(iii)
in Proposition 1 or 2 are satisfied, then the extents of reaction can be computed from the measured experimental data. In the other words, the measured data is sufficiently informative in the sense that one can compute the reaction extents. However, fulfillment of Assumptions (i)-(iii) does not provide any indication about parameter identifiability and the quality of the parameters computed from measured data.
2. Note that, for situations where Assumption (ii) in Proposition 1 does not hold, e.g. when S < R + p + 1, the extents of reactions can be computed as per Proposition 2.
Error in extents of reaction computed from noisy composition measurements
In practice, the numbers of moles are obtained from noisy concentration and volume measurements. Noise propagates to the computed extents as illustrated next. Letň = n + e n denote the noisy value of n, where e n is a vector of zero-mean Gaussian noise with variance Σ S×S , that is,
Since the errors in flowrate measurements are usually negligible with respect to errors in concentration measurements, it is assumed that the flowrates are noise free. Furthermore, for the sake of simplicity, we also assume that the initial conditions n 0 are noise free. Since the extents are linear functions of the numbers of moles, unbiased extent estimates can be computed from the numbers of moles as given next.
The mean and the variance of the extent of the ith reaction computed via linear transformation are:
where E[·] is the expectation operator and var[·] is the variance operator.
Similarly, the mean and the variance of the extent of the ith reaction computed via the flow-dependent approach read:
Eqs. (18) and (19) show that the computed extent x r,i (t h ) is unbiased and its variance depends on the variances of the measured concentrations.
Gas-liquid reaction systems
The objective of this section is to compute the extents of reaction and mass transfer from concentration measurements. Note that the extents of mass transfer can be computed from either the gas or the liquid concentrations. On the other hand, the extents of reaction can only be computed from the liquid concentrations. Again, two cases are distinguished depending upon the number of species for which concentration measurements are available.
All liquid-phase concentrations measured: Linear transformation
Let n l (t h ) be the numbers of moles of the S l species in the liquid phase measured at time instant t h .
The following proposition states the conditions to be able to compute the extents of reaction x r (t h ) and mass transfer x m,l (t h ) from n l (t h ) using the linear transformation proposed in Bhatt et al. 22 
Proposition 3 (Linear transformation of n l (t h ))
Then, the extent of the ith reaction x r,i (t h ), ∀i = 1, . . . , R, and the extent of the jth mass transfer in the liquid phase x m,l, j (t h ), ∀ j = 1, . . ., p m , can be computed as:
matrix, which can be computed using the algorithm given in Appendix A. (Proof follows from Theorem 1 in Bhatt et al. 22 )
Similarly, if the measurements of all the species in the gas phase n g (t h ) are available, the linear transformation can be applied to compute the extent of the jth mass transfer x m,g, j (t h ) in the gas phase. 22 Note that the extents x m,l, j (t h ) and x m,g, j (t h ) are typically different as they represent the mass transferred between phases, which is discounted for the outlet flow of liquid and gas, respectively.
A subset of concentrations measured in the gas and liquid phases: Flow-dependent approach Let n g,a (t h ) and n l,a (t h ) be the S g,a -and S l,a -dimensional vectors of available numbers of moles in the gas and liquid phases at time instant t h , respectively. In addition, the inlet flowrates u in,l (t) and u in,g (t), the outlet flowrates u out,l (t) and u out,g (t), and the masses m l (t) and m g (t) are also measured.
The extents of mass transfer will be computed from information stemming from both phases, namely p m g extents will be computed from the gas phase and p m l extents from the liquid phase, with p m l + p m g = p m . Without loss of generality, it is assumed that the S g,a species measured in the gas phase are involved in mass transfer. 2 Consider the following assumptions:
,a and the initial conditions n l0,a and n g0,a are known,
, V l (t), m l (t) and m g (t) are available from measurements.
Then, the extents of reaction and mass transfer can be computed in three steps as follows:
1. Compute the extents of mass transfer x m g ,g (t h ) in the gas phase from:
2. Compute the extents of mass transfer x m g ,l (t h ) in the liquid phase:
where δ m (t) is a p m g -dimensional vector expressing the difference in the extents of mass transfer computed for the gas and liquid phases.
3. Compute the extents of reaction x r (t h ) and mass transfer x m l ,l (t h ) in the liquid phase:
(See Proof in Appendix C) Remarks 1. The differential-algebraic equation system (22)- (24) can be solved as follows:
• Step 1: Since the matrix W m g ,g,a is full rank by construction, the differential-algebraic system (22) can be solved to compute the extents of mass transfer x m g ,g (t h ) involving the S g,a species measured in the gas phase.
•
Step 2: The corresponding extents of mass transfer for the liquid phase, x m g ,l (t h ), can be estimated from Eq. (23).
• Step 3: Since the matrixN a is full rank by Assumption (iv), the R extents of reaction x r (t h ) and the remaining p m l extents of mass transfer x m l ,l (t h ) can be estimated by solving Eq. (24). can be replaced by
in Eqs. (22)- (24). Moreover, the masses of the two phases need not be measured.
5.
If the initial conditions of the species that are not measured on-line in the liquid, n l0,u , and in the gas, n g0,u , are known, the corresponding numbers of moles n l,u (t h ) and n g,u (t h ) can be
) and λ g (t h ) as follows:
Special case: G-L reactors without outlet
The computation of extents of reaction and mass transfer for G-L reactors without outlet, such as batch and semi-batch reactors, is discussed in this section. In such a case, since x m,l, j (t) = x m,g, j (t) and thus δ m (t) = 0, the gas and liquid phases can be treated simultaneously. When the concentrations of all species in the liquid phase are measured, Proposition 3 can be used to compute the extents of reaction and mass transfer from measurements.
Next, the case when a subset of the concentrations are measured in the gas and liquid phases 
Proposition 5 (Flow-dependent approach for G-L reactors without outlet)
(i)N a andW in,a are known,
(ii) rank N a = R + p m , and
, and u in,l (t) are available from measurements.
Then, the extents of reaction x r,i (t h ), ∀i = 1, . . ., R, and of mass transfer x m, j , ∀ j = 1, . . ., p m , can be computed in two steps as follows:
1. Compute the extents of inlet flow x in,l (t) and x in,g (t):
2. Compute the extents of the ith reaction and jth mass transfer:
where (N 
(See Proof in Appendix D)
The S l,u unavailable numbers of moles in the liquid phase n l,u (t h ) and the S g,u unavailable numbers of moles in the gas phase n g,u (t h ) can be reconstructed from the computed extents as:
Estimation of rate parameters from computed extents
With the integral method, the rate parameters are estimated by comparing measured concentrations and concentrations that are obtained by integration of the reactor model using postulated rate expressions. In this section, the integral method is used to compare extents that are computed from measured concentrations and extents that are obtained by integration of postulated rate expressions.
This can be done individually for each extent of reaction and mass transfer.
For the ith reaction, let x r,i andx r,i denote the H-dimensional vectors of computed (according to the procedures described in the previous section) and simulated (according to a rate expression involving the parameters θ r,i ) extents of reaction at H time instants, respectively. The following weighted least-squares problem can be formulated to estimate the parameters θ r,i :
where W r is an (H × H)-dimensional weighting matrix, r i is the postulated rate expression for the ith reaction, which is a known function of the molar concentrations c l (t) and the l-dimensional unknown parameter vector θ r,i that can vary between the lower bound θ al. 22 Note that c l (t) needs to be reconstructed from the H measured values c l (t h ).
Similarly, let x m,l, j andx m,l, j denote the H-dimensional vectors of computed and simulated extents of the jth mass transfer in the liquid phase, respectively. The following weighted least-squares problem can be formulated to estimate the parameters θ m, j :
where W m is an (H × H)-dimensional weighting matrix, and ζ j is the postulated rate expression for the jth mass transfer, which is a known function of the measured concentrations c l (t) and c g (t) and for homogeneous reactors and Eqs. (25) and (26) for G-L reaction systems.
Integration of the differential equations (32) and (33) requires the knowledge of the concentrations c l (t) and c g (t), which can be achieved by polynomial interpolation of the measured values
, where c(t) represents a continuous function approximation of the concentrations based on the low-resolution data c(t h ) and the basis functions φ h (t). In this paper, "ode45" of MATLAB R , which is based on an explicit Runge-Kutta (4,5) formula, is used to integrate the differential equations. 23
Remarks
Parameter identifiability:
Identifiability of parameters implies uniqueness of the rate parameters determined from experimental data. 1 Several methods can be used to check pa-rameter identifiability a priori. [24] [25] [26] [27] In contrast, a parametric sensitivity analysis can be performed after parameter estimation to identify the parameters that affect the fit the most. 28 Moreover, the quality of parameter estimates can be evaluated using statistical methods. For example, the confidence intervals of the estimated parameters can be calculated using significance testing or bootstrapping. 29 In this paper, the function "nlparci" in the statistical toolbox of MATLAB R , which is based on "asymptotic normal distribution of the parameter estimates", is used to compute the confidence intervals. 30 2. Error propagation from the computed extents to the estimated rate parameters: Since noisy measurements are used to compute c l (t) and c g (t) and simulate the profilesx r,i (t) and x m,l, j (t), error propagation can affect the accuracy of the estimated parameters. A numerical investigation of the error propagation from the computed extents to the estimated parameters has been carried out. 31 The main result is that the extent-based (integral) incremental approach gives parameter estimates with tighter confidence intervals in comparison to the rate-based (differential) incremental approach. The numerical investigation also indicates that both incremental approaches introduce bias in parameter estimates, particularly in the presence of large measurement noise or sparse data.
Illustrative simulated examples
This section illustrates the computation of extents of reaction and mass transfer from measured concentrations and the estimation of reaction and mass-transfer rate parameters. The acetoacetylation of pyrrole illustrates a homogeneous reaction system, while the chlorination of butanoic acid is representative of a G-L reaction system.
Homogeneous reaction system: Acetoacetylation of pyrrole
Generation of simulated data: The acetoacetylation of pyrrole (A) with diketene (B) involves one main reaction and three side reactions. 32 The main reaction (R1) between pyrrole and diketene 
The kinetic expressions are as follows:
with the "true" parameter values used for data generation given in Table 2 . 32 The startup of an isothermal CSTR is considered. The initial concentrations of the 6 species A− Figure 3 , are within the 95% confidence intervals that are calculated using the mean (the simulated "true" extents) and the variance computed from Eq. (18) using the noise distribution used in the data generation.
The next step is to identify the rate expressions from among the set of rate expression candidates and r (6) 4 correspond to the simulated (true) rate expressions Reaction R1:
Reaction R2: Reaction R3: Reaction R4:
given for each reaction in Table 1 . Note that each rate expression involves a single unknown parameter and thus θ r,1 = k 1 , θ r,2 = k 2 , θ r,3 = k 3 , and θ r,4 = k 4 . For a given reaction, each rate expression candidate is fitted to the corresponding computed extent using the least-squares problem (32) . For example, for the main reaction R1, the quality of fit of rate expression candidates r
1 and r (8) 1 is shown in Figure 4 . Candidate r (8) 1 leads to the best fit for W r = I H . Similarly, the rate expressions r
3 and r (6) 4 are identified as the suitable rate expressions for reactions R2, R3, and R4, which are indeed the rate expressions used for generating the data. The true values, the initial guesses, the estimated values and their 95% confidence intervals are given in Table 2 .
The estimated values are close to the true values.
G-L reaction system: Chlorination of butanoic acid
The chlorination of butanoic acid (BA), which takes place in the organic liquid phase with ethanol as solvent, involves two parallel auto-catalytic reactions that consume dissolved Cl 2 . The main
Extent computed from concentration measurements
Best fit using rate expression (4) Best fit using rate expression (6) Best fit using rate expression (8) HCl is a highly volatile product that is found in both phases. 33 The reaction stoichiometry is:
R1: BA + Cl 2 → MBA + HCl R2: BA + 2Cl 2 → DBA + 2HCl.
Generation of simulated data:
The rate expressions of the reactions R1 and R2 are:
where A s is the specific interfacial area, c ⋆ are Henry's law constants, P Cl 2 and P HCl are the partial pressures in the gas phase calculated using the ideal gas law from the numbers of moles in the gas phase. It is assumed that the gas side resistance is negligible. Since HCl transfers from the liquid to the gas, its mass-transfer rate is negative. The values of the rate parameters are given in Table 4 . The thermodynamic and hydrodynamic parameter values are given in Appendix E. The next step is to identify the rate expressions and the corresponding rate parameters. In this example, we assume that the the mass-transfer rate expressions are known. 3 The reaction rate expressions need to be identified from the set in Table 3 . Note that the candidates r correspond to the true rate expressions. For a given reaction, each rate expression candidate is fitted to the computed extent using the least-squares problem (32) . For Reaction R1, the quality of fit of the four rate expression candidates is shown in Figure 9 . Candidate r rate expressions correspond to the "simulated true" rate expressions used for generating the data.
The true values, the initial guesses, and the estimated values of the rate parameters with their 95% confidence intervals are given in Table 4 . True and estimated values of the reaction rate parameters are very close to each other. However, there is a bias in the estimated mass-transfer rate parameters, for which the true values lie outside the computed confidence intervals. 
Extents of R1 computed from concentration measurements Best fit for R1 using rate expression (1) Best fit for R1 using rate expression (2) Best fit for R1 using rate expression (3) Best fit for R1 using rate expression ( 
Conclusions
Being able to compute the extent of each reaction and each mass transfer from measured concentrations without knowledge of the reaction and mass-transfer kinetics is of great help in the investigation of reaction systems. This paper has proposed an incremental approach for the identification of reaction systems that uses the concept of extents and the integral method of parameter estimation. The proposed approach proceeds in two steps: (i) computation of the extents of reaction and mass transfer from concentration measurements, and (ii) identification of the individual reaction and mass-transfer kinetics from the computed extents using the integral method. Future work will compare the incremental identification approach proposed in this paper (Path "3" in Figure 1 ) with the one in the literature (Path "2" in Figure 1 ). The differential method in Path "2" requires time differentiation of noisy and sparse data, which is a difficult task that calls for appropriate regularization, while the integral method in Path "3" requires integration of both low-and high-resolution data. A detailed investigation of the relative merits and drawbacks of numerical differentiation and numerical integration will help compare the accuracy and the computational efficiency of the approaches. Moreover, it is proposed to develop an appropriate metric to investigate the discrimination power of the two incremental identification approaches with respect to competing rate expressions. n g,a (t h ) = −W m g ,g,a x m g ,g (t h ) + W in,g,a x in,g (t h ) + n g0,a λ g (t h ),
which corresponds to the last equation in Eq. (22) . Since rank W m g ,g,a = p m g , its inverse exists, and the p m g extents x m g ,g (t) can be computed.
Furthermore, since u out,l (t), m l (t), u out,g (t) and m g (t) are measured, the p m g extents of mass transfer x m g ,l (t) can be computed from Eq. (23).
The numbers of moles n l,a (t h ) can be computed from c l,a (t h ) and V l (t h ) as n l,a (t h ) = V l (t h ) c l,a (t h ).
On the other hand, from Theorem 1 in Bhatt et al. 22 , n l,a (t h ) can be written as: 
which corresponds to the last equation in Eq. (24) . Since u in,l (t), u out,l (t) and m l (t) are available, is full rank by assumption. Hence, the extents of reaction x r (t h ) and x m l ,l (t h ) can be computed by inverting the matrixN T a , which proves the proposition.
